Nerves are necessary for proper tissue repair and complex regeneration. Now in Cell Stem Cell, Carr et al. (2019) identify a specific population of mesenchymal cells that reside within nerves and represent a reservoir of precursors that expand in number and differentiate into bone and dermis during tissue regeneration and repair.
Peripheral nerves can be viewed as remarkably simple, yet they are surprisingly complex. Peripheral nerves contain efferent motor axons that control muscles, organs, and tissues, as well as somatic sensory afferents that survey the external and internal world and also monitor organ and tissue activity. Intimately associated with the nerves are the peripheral glial cells, namely myelinating and non-myelinating Schwann cells. In addition to these cells, nerves also contain mesenchymal-like fibroblasts that form a connective sheath around bundles of peripheral axons. The resident cells of nerves were long thought to mainly support and protect afferent and efferent axons. However, these cells have recently been shown to have discrete additional functions both during development and in the adult (Kaucká and Adameyko, 2014) . During development, progenitors of Schwann cells called Schwann cell precursors differentiate into melanocytes, dental mesenchymal cells, parasympathetic neurons, and chromaffin neuroendocrine cells, thereby contributing to formation of tissue and organ development (reviewed in Furlan and Adameyko, 2018) . Nerves are also important in the adult for complex tissue regeneration (Farkas and Monaghan, 2017) in animals such as salamanders (Kumar et al., 2007) and in mammals, as mouse toe tips do not regenerate properly in the absence of local nerve innervation (Johnston et al., 2016; Rinkevich et al., 2014) .
While Schwann cells and their precursors have attracted a lot of attention, less is known regarding the role of nerve-resident mesenchymal fibroblastlike cells in regeneration. These fibro-blasts build collagenous connective tissue in three different tissue nerve sheaths-the endoneurium, perineurium, and epineurium-that protect the nerve. The endoneurium is thin and surrounds individual nerve fibers, which organize in nerve fascicles that are enclosed by another protective sheath, the perineurium. Multiple fascicles come together into a nerve that is enclosed by the epineurium (Thomas, 1963) . In this issue of Cell Stem Cell, Carr et al. (2019) reason that the resident mesenchymal fibroblastlike cells in nerves could be important for tissue regeneration and repair, as mesenchymal cells are known to differentiate into bone and the dermis. Using a PDGFR EGFP reporter mouse that labels fibroblasts in all three nerve sheaths, they find that fibroblasts of all three sheaths initiate proliferation in damaged nerves but are quiescent in the undamaged nerve. When differentiated in vitro, the fibroblast cells adopt features of adipocytes, bone, and cartilage cells, and when a nerve with labeled fibroblasts is transplanted into a mouse with bone scratch injury, cells migrate out of the nerve and into the damaged bone, participating in healing.
These results show that fibroblast cells of the damaged nerve contain progenitor cells that expand and contribute with differentiated cells during bone repair. The authors next investigated whether distinct molecular subtypes of fibroblast cells exist in the normal and damaged nerve, and which of those types might contribute to repair. The authors employed single-cell RNA-sequencing to investigate the molecular identity of nerve-resident cell types and their molec-ular features. They find an unexpected diversity of nerve sheath fibroblasts, with different types consistently found to reside within the different nerve sheaths in situ. Endoneurial fibroblasts were of particular interest, as the authors find that fibroblasts in this compartment expand the most after nerve damage. In the uninjured animal, this population expresses many genes associated with mesenchymal precursors/stem cells. The authors speculated that it is these, and not epineurial or perineurial, fibroblasts that differentiate into specialized cells during repair. Through RNAsequencing analysis of cells from uninjured and injured nerves, the authors discover that similar kinds of epineurial and perineurial fibroblasts exist regardless of whether the nerve is damaged or not. However, endoneurial fibroblasts change and downregulate some connective-tissue-associated genes while upregulating other genes, consistent with the hypothesis that this population contributes to repair and regeneration.
To directly investigate whether endoneurial fibroblasts participate in repair, the authors used genetic cell-lineage tracing studies to determine endoneurial fibroblast contribution to bone regeneration and to dermal repair following toe tip amputation and skin punch wound healing. Since endoneurial fibroblasts arise from neuroectoderm neural crest cells instead of the lateral plate mesoderm (Joseph et al., 2004) , the authors labeled neural-crest-derived progeny by Cre-based marker expression during development and then injured and analyzed adult animals to ask how endoneurial fibroblasts contribute to repair and regeneration. By using two such models and several controls, which excluded a potential Schwann cell origin of these cells, they find that endoneurial fibroblasts migrate out of the nerve in toe-tip-amputated mice and contribute to the regenerating blastema and a significant proportion of cells in the regenerating bone, as well as to mesenchymal cells of the dermis after skin punch injury. Additional experiments including transplantation studies further corroborated these conclusions.
Thus, Carr et al. provide evidence that endoneurial fibroblasts are precursorlike cells that respond to injury and eventually differentiate into bone and dermis tissue, thereby participating in toe tip regeneration and wound healing (Figure 1 ). Such recruitment of endoneurial fibroblasts demonstrate that these cells are not simply passive residents of their normal niche, but following nerve damage, they become activated to start building tissues for repair. However, it is clear that other nerve-resident populations have additional roles. In this and other recent studies (Johnston et al., 2016; Rinkevich et al., 2014) , around 20% of cells in the blastema are of neural crest origin. In addition to endoneurial fibroblasts, dedifferentiated Schwann cells also migrate out of the nerve and contribute to the blastema. In contrast to endoneurial fibroblasts, the dedifferentiated Schwann cells secrete a number of paracrine factors (PDGF-AA and Oncostatin M) that build the blastema environment and thereby promote regeneration. Thus, several cellular components of the nerve evacuate the nerve and perhaps interact with each other in response to injury. At present, it is unclear to what degree endoneurial cells contribute to repair during damage to tissues other than the toe tip and skin after wounding.
A number of interesting questions are raised by this study. First, how can the new knowledge of these mechanisms be utilized to facilitate and improve tissue healing in the clinic? The insights from this study might help to reprogram patientderived dermal fibroblasts into regenerative nerve-derived cells, but further testing to clarify if their reparative role is stronger than that of resident dermal or other fibroblasts within the wound environment is warranted. Furthermore, the authors also discover multiple subtypes of endoneurial fibroblasts; the meaning of this diversity of nerve-residential mesenchymal subpopulations is not yet fully understood, nor are their different behaviors during tissue healing and regeneration. The findings of Carr et al. open the question about the roles of different fibroblast cell types in mediating tissue scarring. Wound healing might involve simultaneous and tightly balanced activation of nerve-derived and vasculature-derived cellular sources that are omnipresent in the body due to their ''infrastructural origin.'' Changes in the balance of these cellular sources might affect the speed of tissue recovery and the amount of fibrotic scar forming during healing. Finally, unlike the salamander, mammals cannot regenerate an entire extremity. The discovery of this new blastema cell type is a step toward ultimately explaining the limited regenerative capacity in mammals. The neural crest differentiates during development into several resident cell types of the nerve, including Schwann cells and fibroblast-like cells of the endoneurium. Following toe tip amputation in adult mice, Schwann cells secrete factors that promote healing while endoneural fibroblasts are a cellular reservoir that starts building tissues.
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Mixed chimerism is associated with allograft acceptance and tolerance. In this issue of Cell Stem Cell, Fu et al. (2019) provide evidence that functional, donor-derived hematopoietic stem and progenitor cells in the intestinal allograft can persist long-term, contribute to multi-lineage chimerism in the circulation, and result in T cell tolerance through host lymphoid organ selection. Persistent microchimerism in tolerant or minimally immunosuppressed human recipients of liver and other solid organ allografts (Starzl et al., 1992a (Starzl et al., , 1992b has led to the hypothesis that mixed chimerism is integral to the establishment and maintenance of donor-specific tolerance in the clinical setting. Extensive experimental studies in both murine and nonhuman primate models provide proof of concept that induction of mixed chimerism via hematopoietic stem cell (HSC) transplantation can lead to tolerance of organs and cells derived from the original HSC donor when levels of >1% are achieved (Zuber and Sykes, 2017) . Although the requirement for potent immune suppression and cytoreduction to allow for donor HSC engraftment has limited clinical application, success has been observed in renal allotransplantation (Kawai et al., 2013, Leventhal and Ildstad, 2018; Scandling et al., 2015) .
The mechanisms associated with induction and maintenance of chimerism and tolerance have largely been derived from experimental studies, as analysis of human transplant recipients is primarily limited to identification and enumeration of donor-derived cells in the peripheral blood. Higher levels of chimerism have been observed in recipients of liver and/ or intestinal allografts as compared to other organs. In a previous study, Sykes and colleagues (Zuber et al., 2015) undertook a longitudinal prospective study of peripheral blood samples from 9 intestinal transplant recipients (ITx), including 4 multivisceral (MVTx) and 5 isolated intestinal transplant (iITx) patients. Utilizing multi-color flow cytometry, T cell macrochimerism without GVHD was observed in 8/9 patients and the percentage and absolute number of donor T cells was higher in rejection-free patients and those with mild rejection. B and myeloid cell chimerism greater than 1% was observed for 3/5 patients in the mild to no rejection group, but in none of the patients that experienced rejection. Peak T cell chimerism of <3% in the first 3 weeks posttransplant was associated with early moderate rejection and the development of de novo donor-specific antibody (DSA). The authors noted that the study was limited by the small number of patients.
In this issue of Cell Stem Cell, Fu et al. (2019) increase the number of MVTx and iITx patients studied to 21 and report on longer-term (up to 5 years) follow-up. Most interestingly and uniquely, they study the origin of the donor cells in the circulation post-transplant and analyze donor HSCs in the donor intestine at both pre-and post-transplant time points. Obtaining adequate amounts of relevant tissues for immunologic assessment in these complicated transplant
